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The complete ammo acid sequence of the hemoglobm I from nitrogen-fixing root nodules of the nonlegu- 
mmous plant, Paraspomu andersonu, has been determined This dimeric protein consists of two ldentlcal 
polypepttde chains of 155 ammo acids and shows extensive sequence homology with other hemoglobms 
Homology between the hemoglobm I of P andersomz and the leghemoglobms of lupm and soybean nodules 
IS 41 and 39%, respectively The predicted secondary structure of P andersonu hemoglobm I has a high 
content of a-hehx, except for the E-helix, srmrlar hehces were predicted as those m the leghemoglobms The 
close homology of the sequences provides evidence that this nonlegummous hemoglobm shares the same 
genetic orlgm as the legume and animal hemoglobms 
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1. INTRODUCTION 
In higher plants, hemoglobin was generally 
thought to occur only in the nitrogen-fixing root 
nodules of legumes [1,2]. Recently, however, a 
hemoglobin was shown to occur [3] m the 
nitrogen-fixing root nodules of Paraspoma, a 
nonlegummous plant of the Ulmaceae family [4,5]. 
This plant was nodulated by strains of Rhrzoblum 
that also nodulate certain members of the 
Legummosae [3-51. A dtmeric hemoglobin was 
purified from the nitrogen-fixing root nodules of 
Parasponia andersonil and the oxygen affinity was 
found to be sufficiently high (unpublished) to 
allow P. andersomr hemoglobin to function in a 
similar way to that of legume hemoglobin during 
symbiotic rutrogen fixation [3]. 
DNA sequencing studies suggest that legume 
hemoglobins and animal globins share the same 
genetic origin and it has been suggested that the 
gene for legume hemoglobm was transferred to 
legumes from another eukaryote outside the plant 
kingdom, relatively recently in evolutionary 
history [6,7]. However, the identification of 
hemoglobin m Parasponra [3], Casaurrna and 
other nonlegume species [g-10] questions this pro- 
posal and suggests that hemoglobin genes may 
have persisted in many plant families since 
divergence of the plant and animal lines some 1000 
million years ago [I ,7]. Structural studies on P. 
andersomi hemoglobin I were undertaken to 
elucidate its relationship to other hemoglobms. We 
report here the complete amino acid sequence of P. 
andersonii hemoglobin I and compare it with other 
legume hemoglobin sequences. 
2. EXPERIMENTAL 
The major hemoglobin I was isolated from fresh 
nodules from P. andersonrr Planch, infected with 
Rhrzobium strain CP283 and purified to 
homogeneity as in [5]. A minor component 
(hemoglobin II) was not examined in this study. 
The protein was dehemed as described [l 11. 
Separate aliquots of the native protein (-50 nmol) 
m 0.05 M ammomum bicarbonate, pH 8, were 
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00145793/85/$3 30 8 1985 Federation of European Blochemlcal Socletles 55 
Volume 180, number 1 FEBSLETTERS January 1985 
10 20 30 
Val-Asn-Lys-Val-Phe-Thr-G1u-Glu-Gln-Glu-Ala-Leu-Val-Val-Lys-Ala-Trp-Ala-Val-Met-Lys-Lys-Asn-Ser-Ala-Glu-Leu-Gly-Leu-Gln-Phe-Leu- 
-T2 t-T3- - T4 
c--_ c2 - + c3 - v C4 
t- SAl @AZ-t- SA3 t 
40 50 60 
Lys-Ile-Phe-Glu-Ile-Ala-Pro-Ser-Ala-Lys-Asn-Leu-Phe-Ser-Tyr-Leu-Lys-Asp-Ser-Pro-Val-Pro-Leu-G1u-Gln-Asn-Pro-Lys-Leu-Lys-Pro-His- 
- T5 w-6 - - T7 t 
C6 v C7 a C8 
-Pl -t- SAS - 
70 80 90 
Ala-Thr-Thr-Phe-Val-~et-Thr-Thr-Glu-Ser-Ala-Val-Gln-Leu-Arg-Lys-Ala-Gly-Lys-Val-Thr-Val-Lys-Glu-Ser-Asp-Leu-Lys-Arg-Ile-Gly-Ala- 
-T8 b-T9 - t- TLO- t- 
- C9 t- Cl0 - t-- Cl1 - 
t- SA7 t- SA8 
t. CPl t 
100 110 120 
Ile-Hla-Phe-Lys-Thr-Gly-Val-Val-Asn-Glu-His-Phe-Glu-Val-Th~-Arg-Phe-Ala-Leu-Leu-Glu-Thr-Ile-Lys-Glu-Ala-Val-Pro-Glu-Met-T~p-Se~- 
-Tll- t-T12 t-T13 t-m T14 
t- Cl2 t- Cl3 
t- SA9-t- SAlO - +SAll-+SAlZ-C- SA13- 
CP2 t- CP3 - 
130 140 150 
Pro-Glu-Met-Lys-Asn-Ala-Trp-Gly-Val-Ala-Tyr-Asp-Gln-Leu-Val-Ala-Ala-Ile-Lys-Phe-Glu-Met-Lys-Pro-Ser-Ser-Thr 
tp T15 t- T16 
c14- t-c15 I- Cl6 
-t-SA14- t- SA15 t-,SA16- 
Fig 1 Primary structure of hemoglobm I from nitrogen-fixing root nodules of P. andersonrr Residues sequenced are 
indicated by the solid lines, T, trypttc pepttdes; C, chymotryptic peptides, SA, S aureus V8 protease peptides; CP, 
clostrlpam peptides; P, peptic peptldes 
digested with trypsin (Worthington), chymotrypsm 
(Worthington), clostrtpain (Calbiochem-Behring) 
and Stuphylococc~s aweus V8 protease (Pierce) at 
37°C for 4 h at an enzyme: substrate ratio of 1: 50 
(w/w). The dehemed protein, which was insoluble 
m 0.05 M ammonium bicarbonate, pH 8, was 
digested only by trypsin to yield soluble pepttdes; 
the other proteases failed to digest the insoluble 
dehemed protein. By contrast the dehemed protein 
was soluble at pH 1.7, and was digested with pep- 
sin (Worthington) at 37°C for 4 h using an en- 
zyme : substrate ratio of 1: 50 (w/w). The digests 
were lyophilized and redissolved in 0.05% (v/v) 
trifluoroacetrc acid. Insoluble material was remov- 
ed by centrifugation and the soluble peptides were 
isolated by HPLC in 0.05% (v/v) trifluoroacetic 
acid on a Waters PBondapak Cl8 column using an 
acetomtrile gradient. 
Peptrdes were sequenced manually by a 
modified Edman procedure [12] using 50% 
pyridine as the coupling buffer and extracting with 
n-heptane-ethyl acetate (2: 1, v/v) instead of 
benzene. Restdues were identified as PTH-amino 
acid derivatives by HPLC gradient elution on a 
Zorbax cl8 column (Du Pont). Amino acid 
analysis of the protein and peptides was performed 
on a modified Beckman 120C analyser after 
hydrolysis m 6 N HCl for 24 h at 110°C. The 
secondary structures of P. andersonrr hemoglobin 
I (P.HbI), soybean leghemoglobin a (S Lba) and 
lupin leghemoglobin II (L.LbII) were predicted 
from the amino acid sequences as m [13]. 
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3. RESULTS AND DISCUSSION 
The complete ammo acid sequence of P. ander- 
som hemoglobin I is shown in fig.1. Sequence 
data necessary for the unequivocal determination 
of the primary structure are illustrated. The 
polypeptide chain contains 155 ammo acid residues 
correspondmg to an M, of 18044 (including the 
heme group) which is consistent with the M, of 
36000 determined m the ultracentrifuge for the 
dimerrc ferric hemoglobin by the meniscus deple- 
tion sedrmentatron equilibrium method (G. Lilley, 
personal communication). The sequence is m 
agreement with the ammo acid composition of the 
protein (table 1). 
The same tryptic peptides were isolated from 
digests of dehemed and native protein and they ac- 
Table 1 
Amino acid composrtron of P. andersonrl hemoglobm I
Ammo acid 
LYS 
Hts 
Arg 
Asx 
Thr 
Ser 
Glx 
Pro 
Cly 
Ala 
%Cys 
Val 
Met 
Be 
Leu 
Tyr 
Phe 
Trp 
Residues per polypepttde 
Analysisa Sequence 
16.9 18 
27 3 
2.8 3 
8.8 9 
8 3b 10 
8.Sb 9 
20.4 20 
8.5 8 
50 5 
15.6 16 
0 0 
16.7 16 
4.6 5 
5.7 6 
12.7 13 
1.7 2 
9.5 9 
2.4’ 3 
Total 150 8 155 
a Samples hydrolysed for 24 h at 110°C under vacuum 
m 5.7 N HCl 
b Values obtained by extrapolatron to zero hydrolysis 
time 
’ Determined after hydrolysis of sample m 4 M MeSOsH 
containing 0.2% (w/v) tryptamme for 24 h at 115°C 
under vacuum 
counted for 148 residues of the molecule. The 
ammo terminal tripeptrde, residue 8O(Lys) and the 
tripeptrde, Ala81-Gly82-Lys83, were not found m 
either tryptic digest. Chymotryptic peptides 
isolated from the native protein accounted for 150 
residues and the only peptide not isolated was the 
amino-terminal pentapeptide (fig. 1). Automatic 
sequence analysis of the native hemoglobin provid- 
ed sequence data up to residue 16 [14] which in- 
dicated that this hemoglobin was homologous with 
the leghemoglobins. Peptides T2, C3 and SAl con- 
firmed this sequence. Tryptic peptides T2, T3 and 
T4 were overlapped by C4 and SA3 to establish the 
sequence to residue 3 1. Peptic peptide, P 1, derived 
from a digest of the dehemed protein provided the 
overlap of peptides T4, TS and C6 to extend the se- 
quence to residue 41. Peptides T6, T7 and T8 were 
aligned by the sequences of SA5, C7 and C8 exten- 
ding the sequence to residue 71. Peptides C9, Cl0 
and CPl were overlapped with peptide SA7 and 
CPl aligned T9 and TlO to extend the sequence to 
residue 91. Overlap peptide SA8 connected CPl 
and CP2, and peptrde CP2 aligned peptides Tl 1, 
T12, Cl1 and C12. Peptide SAlO connected T12 
and T13 and peptide Cl3 connected T13 and T14 
to extend the sequence to residue 132. The se- 
quence was completed by aligning T15 and T16 
with overlap peptides C14, SA14 and SA15. The 
carboxyl terminal amino acid was identified as 
threonine from the composition and sequence data 
of 3 different cleavages. Upon digestion of P. 
andersonii hemoglobin I with carboxypeptidase Y, 
Thr was the first residue released. 
The sequence of P. andersonii hemoglobin I 
shows extensive homology with the sequence of 
lupin leghemoglobin II [15] and soybean 
leghemoglobin a [6] (fig.2). Maximum homology 
was obtained with an alignment containing 3 single 
residue deletions in the P. andersonii hemoglobin 
I sequence, 2 deletions in the lupin leghemoglobin 
II sequence and 7 deletions m the soybean 
leghemoglobin a sequence (fig.2). In this alignment 
these 3 plant hemoglobins show 30% homology 
with 51 identical positions. When compared 
separately the homology between P. andersoniz 
hemoglobin I with 155 residues and lupin 
leghemoglobin II with 153 residues 1s 41%, and 
that with soybean leghemoglobm a with 143 
residues is 39%. This compares with 54% 
homology between lupin leghemoglobin II and 
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soybean leghemoglobin ~1. All the known legume 
hemoglobin (leghemoglobin) sequences contain 50 
invariant residues [16]; 38 of these invariant 
residues occur in the P. andersonu (nonlegume) 
hemoglobin I sequence and a further 7 mvartant 
residues of the leghemoglobins are replaced by 
conservative amino actd substitutions including 3 
methionmes replacing Phe”, Leu” and Leu13’ m 
Frg.2. Comparrson of the amino acid sequences of hemoglobm I from P andersom (P.HbI) (thus work), lupm 
leghemoglobm II (L LbII) [I51 and soybean leghemoglobm a (S.Lba) [6] Boxed resrdues are rdenttcal m the 3 
hemoglobm sequences. Ringed residues are Identical in P. andersonu hemoglobm I and only one of the leghemoglobms. 
P. HbI 
L. Lb11 
S. Lba 
P. HbI 
L. Lb11 
S. Lba 
P. HbI 
L. Lb11 
S. Lba 
(- - -) Deletions introduced to maxtmrze homology 
10 20 30 40 50 
VNK~~FTEEQEALVVKAWAVMKKN[SAELGLQFL-KIFEIAP~S~~~FSYLKD 
[VAFTEKQDALVSsSFEAFKjANIPQYSVVFYTS[mAKDLF]sFLAN 
t I, I 
60 70 80 90 100 
SP-VPLLNPKLKPHLAT-FVMITTESAVQLRKAjGKVTVIKESDLKRIGAIIHFK 
TSEVP-QNNPIDLQAHAGKVFKLVYEAAIQLEVTGIVIVASDAT-LKlNLGSVHVS 
I t 
G--VDPT-NPELITGHAEKLFALVRDSAGQ~LKASGTVVAIDAA----LGSVHAq] 
1 I I I 
110 120 130 140 150 
TGVVNlEHFEVTRFALLETIKEAVPEMWSPEMK]NA[WGVAYDQLVAAIKFE~MKPSST 
KGVADAHFPVVKEAILKTIKEVVGAKWSEEjLNS~AWTIAYDELAIvIKKEMDDAA 
-_(I i I I 
I I 
Frg.3. Comparrson of the predicted a-hehcal segments of P. andersomz hemoglobm I (P.HbI) and the predrcted and 
known cu-helical segments of lupm leghemoglobin II (L LbII) and soybean leghemoglobm a (S.Lbu) Boxes enclose the 
segments predrcted as hehces and (H) desrgnates the segments identified as hehces from X-ray crystallographic 
studies [16,19]. 
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the leghemoglobms. P. andersom hemoglobm I 
contains 5 methionine residues and Met”’ is iden- 
tical with the single methronine m lupin 
leghemoglobin II (fig.2). The sequence of P. 
andersonlr hemoglobin I shows almost no 
homology with a purported partial amino acid se- 
quence of hemoglobin from P. rigrda (a closely 
related species) derived from DNA hybridization 
and sequencing studies [ 171. Presumably this 
DNA-derived sequence 1s not of the hemoglobm. 
Structural studies [18] have shown that 
hemoglobms from various sources are highly 
helical molecules. Soybean [ 161 and lupm [ 191 
leghemoglobins contain 7 helical rkgtons which 
represent -77% of the structure and these regions 
are arranged in the well known myoglobm fold 
[20]. The secondary structure of P. andersonil 
hemoglobm I predicted from the ammo acid se- 
quence [ 13) has a high content of a-helix (67%) 
with 1OVo &sheet and 9% P-turns and the helical 
regions are illustrated m fig.3. The secondary 
structures of soybean leghemoglobin a and lupin 
leghemoglobin II predicted from their amino acid 
sequences are also shown in fig.3 and they are 
compared with the known structures from X-ray 
crystallographic studies [ 16,191. The predicted LY- 
helical regions of soybean leghemoglobm a and 
lupin leghemoglobin II show a good correlation 
with the experimentally determined helical regions 
except that a large part of the B-helix was not 
predicted by this method in both leghemoglobins 
and part of the F-helix was not predicted in lupin 
leghemoglobin II. The helical regions predicted for 
P. andersom hemoglobin I are in good agreement 
with the known and predicted helical structures of 
the leghemoglobins. The method predicted the B- 
helix region in P. andersonir hemoglobin I but not 
the region of the E-helix which contains the distal 
histidine residue (Hisa). The failure to predict the 
E-helix can be attributed to an extra prolme 
residue at position 63 in this region of the P. ander- 
sonri hemoglobin I molecule. These structural 
comparisons indicate that P. andersona 
hemoglobin I has the characteristic globin struc- 
ture and that there is nothing unusual about this 
nonlegume hemoglobin to distinguish from the 
other well known hemoglobins. 
together wrth the similarity in amino acid se- 
quences and tertiary structures provides strong 
evidence that soybean leghemoglobins and animal 
hemoglobins share the same genetic origin. 
Although the P. andersonu hemoglobin I gene 
structure remains to be determined the amino acid 
sequence homology between P. andersonli 
hemoglobin I and the leghemoglobin provides 
strong evidence that these proteins have the same 
genetic origin. This finding suggests that all plant 
hemoglobins may eventually be shown to have the 
same evolutionary origin. 
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